Abstract In Arctic regions snow cover has a major influence on the environment both in a hydrological and ecological context. Due to strong winds and open terrain the snow is heavily redistributed and the snow depth is quite variable. This has a significant influence on the snow cover depletion and the duration of the melting season. In many ways these are important parameters in the climate change aspect. They influence the land surface albedo, the possibilities of greenhouse gas exchange and the length of the plant-growing season, the latter also being important for the arctic terrestrial fauna. The aim of this study is to test to what degree a numerical model is able to recreate an observed snow distribution in sites located in Svalbard and Norway. Snow depth frequency distribution, a snow depth rank order test and the location of snowdrifts and erosion areas were used as criteria for the model performance. SnowTran-3D is the model used in this study. In order to allow for occasions during the winter with milder climate and temperatures above freezing, a snow strengthening calculation was included in the model. The model result was compared to extensive observation datasets for each site and the sensitivity of the main model parameters to the model result was tested. For all three sites, the modelled snow depth frequency distribution was highly correlated to the observed distribution and the snowdrifts and erosion areas were located correspondingly by the model to those observed at the sites.
Introduction
The artic tundra provides a large carbon source, which, in a warmer climate, with an increased decomposition rate of organic material, can become an important source of greenhouse gases. As long as a layer of snow covers the surface of the arctic tundra the temperature of the surficial soils underlain by permafrost is kept well below 08C and the biological activity and greenhouse gas exchange processes within the active layer are retarded. The snow distribution at the end of the snow accumulation season strongly influences the snow melt and the snow cover depletion which, according to Lloyd et al. (1999) , are key factors for the premise that the Arctic will become a net source of CO 2 . The effect of snow cover on the production of CO 2 is also documented in Brooks et al. (1997) . The land surface albedo has a large influence on the radiation balance of the earth and at higher latitudes in the northern hemisphere this is closely linked to snow cover. Colman et al. (1994) states that it is one of the most important parameters in global climate models and a better description of the snow distribution, and thereby the albedo, can improve global climate modelling.
The snow cover is both a limiting factor and, during early spring, an important water source for several processes in the arctic environment. Bruland and Cooper (2001) found a clear correlation between the snow distribution and vegetation distribution in an area close to Ny-Å lesund at Svalbard, Norway. Van Der Wal et al. (2000) found that snow depth and the timing of the snowmelt influenced the grassing behaviour of Svalbard reindeer, as they seemed to prefer plots that had been snow-free longest. The importance of snow drifting in the magnitude and timing of snowmelt water inputs to the runoff is emphasised by Hartman et al. (1999) . Marsh (1999) noted "redistribution of snow in mountainous environments is extremely important for both runoff calculation and avalanche forecasting". Sublimation losses in blowing snow are also substantial in arctic regions and Pomeroy et al. (1998) stated that redistribution and sublimation can cause a difference of 2 40% to þ100% between accumulated snowfall measured with a gauge and measured snow accumulation on the ground. This is of great importance in the planning of hydropower production where the snow reservoir accumulated over the winter, in many cases, is the major source of water for the year and large resources are used to reduce the uncertainties connected to the volume and distribution of this snow reservoir and thereby to the snowmelt runoff.
In the late 1970s it was stated that, due to a lack of knowledge of the snow transport and deposition processes and the complex nature of the accumulation phenomenon, it is impossible for the hydrologist to define snow cover distribution patterns using a physically based, mathematical model (Marsh 1999) . Recently a lot of effort has been made to develop models and physically based algorithms that incorporate blowing snow (Uematsu et al. 1991; Pomeroy et al. 1993; Liston and Sturm 1998; Déry et al. 1998) . Marsh (1999) summarised the development and content of several of these models and concluded that these models work reasonably well in terrain that is rolling or for single-species forest stands, but they are not capable of modelling snow cover evolution in complex mountainous terrain or multispecies forest stands.
In the current study, the Liston and Sturm model (SnowTran-3D) is applied to two high Arctic sites on Svalbard and to an alpine site in central Norway. The sites range from 1 km 2 to 250 km 2 and from rolling to mountainous terrain. At the two smallest sites the modelling is based on high-resolution topographical data and the simulated results have been compared to very detailed measured snow distribution on the ground. The only available topographical data at the largest site has a resolution of 100 m by 100 m and the snow depth measurements were carried out along selected snow courses since complete coverage is impossible at this scale. As the SnowTran-3D model at this stage gives only distributed snow depth as an output and not snow water equivalent or distributed snow densities, snow density was not extensively measured at the sites. In order to address the warmer climatic conditions and the related physical processes at these locations compared to the interior of Alaska or Colorado, where the model had been applied earlier, a new snow strengthening sub-model is incorporated into the model.
The main objective of this study is to test if SnowTran-3D, with an improved snow strengthening sub-model, can reconstruct the observed snow distribution for two years in Ny-Å lesund and, further, to test how well this model with the same model parameters performs at a site with completely different topographic characteristics and at a site with a different location and climate. The results of the model simulation are evaluated graphically by visual comparison between plotted observed and simulated snow distribution and by comparing the frequency distribution of observed and simulated snow depths.
Study areas and measurements

Ny-Å lesund
The northernmost site is located close to Ny-Å lesund, the centre for Norwegian arctic research, at 78855 0 N, 11856 0 E at Svalbard. The 3 km 2 study area is located in the lower part of the Bayelva catchment. The topography and vegetation within the measurement grid is representative for most lowland areas at Svalbard. It consists of a flat riverbed in the centre, on the west side an east-facing slope towards Schetelig Mountain and some small but sharp ridges in the north-west corner. On the east side there are two east -west oriented ridges, Rabben and Kolhaugen, with the lakes Storvatnet and Tvillingvatnet in between (Figure 1 ). The steepest slopes are found around Kolhaugen with an inclination up to 108. Except for the riverbed, composed of only gravel, the area has a uniform lichen cover with areas of Rock Sedge (Carex rupestris) and Mountain Avens (Dryas octopetala). As for the rest of Svalbard there is no tall vegetation that has any influence on snow accumulation. The study area is surrounded by tall steep mountains both to the southeast and southwest, the terminal moraines below the Brøgger Glaciers to the south and an open horizon to Kongsfjorden to the north. The dominant wind direction is longitudinally to the Kongsfjord from the east. The Norwegian Meteorological Institute (DNMI) carries out meteorological observations (mean and maximum wind speed, wind direction, temperature, relative humidity and precipitation) in Ny-Å lesund every 6 hours. The long time average annual precipitation in Ny-Å lesund is 403 mm. Approximately 75% of this falls as snow or sleet during the period from mid-September to the end of May (Førland et al. 1997) . Temperature or precipitation are not corrected due to the difference in altitude or distance to the meteorological observations as the distance is less than 2 km and the altitude is about the same. Precipitation is corrected for catch loss within the model according to Førland et al. (1996) .
The snow distribution at the end of the snow accumulation season at the Ny-Å lesund site was extensively measured both in 1998 and 2000. The method and strategy used was the same in both years. This and the 1998 results are described in . A GSSI georadar with a 500 MHz antenna was pulled behind a snowmobile for measuring snow depths along straight profiles perpendicular to each other on a grid (Figure 2(a) ). Positions were logged continuously using a GPS system. Snow depths were measured every 0.25 m along a total distance of approximately 67 km in 1998 and along more than twice this distance in 2000 as the grid cell size was decreased from about 100 m by 100 m in 1998 to about 50 m by 50 m in 2000 and the size of the site was increased to about 4 km 2 . A topographic map was constructed from data collected through the use of a differential GPS system with an assumed accuracy in kinematic mode of^3 cm horizontally and^5 cm vertically. The DeGeer Valley is also at Svalbard (78816 0 N, 16819 0 E) and is the largest of the sites. The simulation is conducted over a 250 km 2 area covering the south-north oriented DeGeer
Valley, the surrounding mountains and adjacent valleys (Figure 1) Tveit and Killingtveit (1996) shows that the average snow water equivalent in the DeGeer Valley measured in mid-May was 1.86, 1.59 and 0.87 times the previous winter precipitation measured at Svalbard Airport for the years 1992, 1993 and 1994, respectively (Tveit and Killingtveit's results were corrected for precipitation elevation gradients found in the same study). Except for the last value, which Tveit and Killingtveit explain as an exception, these values correspond to correction coefficients at Svalbard suggested by Hansen-Bauer et al. (1996) . This indicates that the measurements at Svalbard Airport are representative for the DeGeer Valley. The average altitude of the DeGeer site is about 400 m higher than Svalbard Airport and Tveit and Killingtveit (1996) found an average increase in snow accumulation in the DeGeer Valley of 14% per 100 m altitude. With respect to this the precipitation in the model is increased 56% in addition to the catch loss corrections. Temperature and humidity were assumed to be the same in the DeGeer Valley and at Svalbard Airport. In the DeGeer Valley snow measurements was carried out every 0.5 m along 17 selected transects with a total length of 24 km (Figure 2 It is 1 km 2 and has an average elevation of about 1000 masl. The terrain and vegetation is typical for a Norwegian mountain plateau with small hills, ridges and precipices covered with heather (Ericaceae) and lichen (Cladonia) and no taller vegetation. It has a weak declination towards the northeast. The nearest meteorological observations (mean and maximum wind speed, wind direction, temperature, relative humidity and precipitation) are conducted every hour at a station (St 2), located 3 km northeast of the study site and below the timberline at 834 masl. Another station (St 1), run by the Norwegian road administration, is located 920 masl 2 km north of St 2 and above the timberline. It carries out the same observations as St 1 except that it does not measure precipitation. It has a wind exposure more similar to the study site and the meteorological observations at St 1 are more representative of the study site. However, its data series has some large gaps and these data sets are used only to correct the data from St 2. These stations do not have long records, but the long time average precipitation in Røros, 20 km to the south, is 504 mm/yr, of which about 40% falls during the winter months (Nov-Apr). The average temperature over the year is 0.38C and 2 6.98C over the winter months (Statistics Norway, 2001 ).
Snow measurements and topography are measured using the same methods as in Ny-Å lesund site (Figure 3(c) ). Snow depths were measured every 1 m along a total distance of approximately 16.7 km. Due to a combination of rougher topography compared to the Ny-Å lesund site and fog during the measurement campaign, the size and shape of the measured grid is less uniform.
Model description and changes made to the model
SnowTran-3D is a physically based numerical snow transport model described by Liston and Sturm (1998) . This is a mass-transport model which includes processes related to snow holding by vegetation, topographic modification of wind speeds, snow cover shear strength, wind-induced surface shear stress, snow transport resulting from saltation and suspension, snow accumulation and erosion, and sublimation of blowing and drifting snow. The key input parameters to the model are wind speed and direction, precipitation, air temperature, humidity, solar radiation (calculation based on latitude), topography and vegetation snow holding capacity. The key processes in the model are saltation, turbulent suspension and sublimation and the key outputs are spatial distribution of snow erosion and deposition. The six primary components of the model are: 1) the computation of the wind-flow forcing field; 2) the wind shear stress on the surface; 3) the transport of snow by saltation; 4) the transport of snow by turbulent suspension; 5) the sublimation of saltating and suspended snow; and 6) the accumulation and erosion of snow at the surface.
Even though the average temperature over the winter months both at Svalbard and at Røros are several degrees below freezing, occasionally during the winter warm, humid air masses arrive and produce air temperatures several degrees above freezing, often followed by rainfall. Rain, warm air and eventually melting and refreezing changes the properties of the snow surface and increase its resistance to wind shear stress and erosion. Previously this was not accounted for in the model. In the application presented here, the SnowTran-3D snowpack is modified and defined to be composed of two layers instead of one; a "soft" surface layer that includes snow that is able to be moved by the wind and a "hard" layer that is unavailable for transport. To determine the threshold friction velocity, u *t , of this soft snow, the temporal evolution of snow density is related to the strength and hardness of the snow, which is then related to u *t : Density changes in the soft layer occur by two mechanisms. First, snow precipitation is added to the soft snow layer using a surface snow density. The second mechanism increases the density by compaction and includes the influence of temperature, wind speed and the weight of snow in the layer. Following Anderson (1976) with the addition of a wind-speed influence, the temporal change in snow density, r s , is given by
where T f is the freezing temperature (K), T s is the soft snow temperature (defined in this application to be equal to or lower than the air temperature), U is the wind speed at 2 m height (m/s), W s is the weight of snow in the top half of the soft-snow layer and expressed in water equivalent depth (m) and A 1 and A 2 are constants set equal to 0.00013 m 21 s 21 and 0.021 m 3 /kg, respectively, based on Kojima (1967) . This density is related to the snow strength using the uniaxial compression measurement of Abele and Gow (1975) . An equation fitted to their results describes the variation of hardness, s, with density:
where s is in kPa and r s is in kg/m 3 . A relationship between hardness and u *t is provided using the data of Kotlyakov (1961) :
Combining Eqs. (2) and (3) yields
which allows for the definition of the threshold friction velocity from the computed softsnow-layer density evolution defined by Eq. (1). Equation (4) gives a u *t . value of 0.024 for r s at 120 kg/m 3 . This is low compared to values found in the overview on u *t values in Kind (1981) (0.27 m/s for r s of 120 kg/m 3 ) and to u *t values suggested by Pomeroy and Gray (1995) for fresh, loose, dry snow (0.07 -0.25 m/s). For r s at 400 kg/m 3 Eq. (4) gives a u *t value of 0.96 which corresponds to the values found in Kind (1981) and Pomeroy and Gray (1995) . In this study, the wind field is generated by a method including interpolation using wind-speed and direction observations in conjunction with empirical wind -topography relationships (Ryan 1977) . The observed wind speed is modified to account for topographic variations in the grid cell by multiplying by an empirically based weighting factor, W:
where V s is the topographic slope or gradient towards the wind direction and V c is the curvature or average altitude difference to the neighbour cells (Eq.(6)):
where z is the topographic elevation of the actual cell and z i is the elevation of the neighbour cells numbered (i) clockwise 1-8 around the actual cell. dl i is the distance to the neighbour cells (all units in m). g s and g c are positive empirical constants that weight the relative influence of V s and V c on modifying the wind speed. The slope and curvature are computed such that lee and concave slopes produce V s and V c less than zero and windward and convex slopes produce V s and V c greater than zero, thus decreasing and increasing the wind speed, respectively. While the wind direction defines whether a slope is lee or windward the effect of curvature on the wind-weighting factor (W) in the original SnowTran-3D model (OrigCurve) is treated independent of the wind direction, i.e. the convexity of a ridge or concavity of a valley have the same effect on the wind speed whether either the ridge or valley is parallel or perpendicular to the wind direction. However, it is likely that the curvature of a valley or ridge running parallel to the wind direction has a lower influence on the wind speed than a corresponding valley or ridge perpendicular to the wind direction.
In this study it is tested to let the effect of the curvature increase from zero when, for instance, the curvature of a valley or a ridge is parallel to the wind direction to full effect when the curvature is perpendicular to the wind direction (WCurve). In this study a dynamic correction of precipitation catch loss according to Førland et al. (1996) (Eq. (7)) is introduced to the model:
where P corr and P obs are the corrected and observed precipitation, respectively, T a is the air temperature and I is the rain intensity (mm/h). Temperature or precipitation gradients are not implemented in the model.
Methodology
In the two-layer model the snow pack is divided in an erodable surface soft-snow layer and an unerodable hard-snow layer. Density compaction is calculated separately for the two layers. The density of the soft-snow layer increases gradually, following Eq. (1), to a hardsnow density threshold at which the soft-snow is added to the hard-snow layer. The snow surface also becomes unerodable for rain events and shorter warm periods leading to surface melt and subsequent refreezing. This is calculated by adding degrees above freezing in subsequent time steps. When this reaches a threshold value the surface soft-snow layer is added to the hard-snow layer. The effect of rain events is calculated correspondingly. The extensive observation dataset for the Ny-Å lesund site is suitable for testing the sensitivity of these parameters and the effect of the changes made to the model. At the sites in the DeGeer Valley and in the Aursunden area the observations are less extensive and these sites are used to test whether the parameters are general or site-specific. The simulation results were interpolated and visualised in the surface mapping system SURFER. Visual comparison of plotted observed and simulated snow distribution, residual plots of observed and simulated snow distribution, correlation between the simulated and observed frequency distribution of the snow depths and a sorted rank order test suggested by Prasad et al. (2001) were used as criteria for the model test. The sorted rank order test (V f ) is a measure of the residual error between the distribution of the modelled and observed snow depth (Eq. (8)):
where SnD i obs is the observed snow depth at the ith location, Sn D obs is the mean observed snow depth, i refers to the ith largest value in the set of observed or modelled snow depths and n is the number of grid cells. A V f value of zero would indicate a perfect match between observed and modelled snow depth distribution. The model simulation was run for the DeGeer Valley from 1 September 2000 to 11 May 2001 on a 100 m £ 100 m grid and with a 6-h time step. Due to the much larger basin scale it is impossible to have verification data for the entire DeGeer site and the model simulation is compared only to snow depths measured along a set of selected transects crossing the DeGeer Valley. From the simulated data the snow depths along these transects are found by interpolation in SURFER.
Results
The atmospheric forcing data for the three sites are presented in Figure 4 . Temperature, relative humidity and wind direction are instantaneous values observed every 6 h, whereas wind speed is an average of wind speeds observed every 10 min over the 6 h period. Mean temperatures in the period from September to May range from 2 4.58C at Aursunden to 2 9.78C in 1998 at Ny-Å lesund. The relative humidity is higher at the Aursunden site than at the Svalbard sites. All four records have one or more events with temperatures over zero during the snow accumulation period, leading to snow melt, refreeze and an unerodable snow surface.
The original SnowTran-3D without the two-layer model recently implemented produced far too high erosion rates. This model does not change the density due to compaction nor create the crust on the snow surface due to surface melt, which prevents further erosion. The snow cover is eroded down to the vegetation threshold in two large areas of the site. The twolayer model significantly improved the simulations. The surface snow density of fresh snow was found to range from 150 g/cm 3 to 200 g/cm 3
. Compared to the density of newly fallen snow, normally around 100 g/cm 3 , these values are high. However, lower values produced too high erosion rates. The densification of newly fallen snow is rapid in wind-exposed areas and an average surface snow density in the range 150-200 g/cm 3 is reasonable over a larger area. The optimal temperature and density threshold were found to be 58C and 250 g/cm 3 , respectively. The temperature at the snow surface is significantly lower than the air temperature measured at 2 m elevation and the air temperature does not reflect the energy balance of the snow surface alone. However, it is reasonable that an air temperature of 58C, or subsequent time steps with sum degrees above freezing of 58C, induces a melt event significant enough to change the property of the surface snow and stop further erosion. In Ny-Å lesund this situation occurred three times during the snow accumulation period in 1998 and five times in 1999 (Figure 4) . In DeGeer and in Aursunden it both occurred five times. It is also reasonable that the snow erosion stops when snow surface densities are higher than 250 kg/m 3 . This is supported by the study of Shook and Gray (1994) where, based on 2400 measurements on the Canadian Prairie, they found that 250 kg/m 3 can be taken as a mean density for shallow (d # 60 cm), aged, wind-blown snow. The changes made to the curvature calculations in the WCurve model led to significantly higher g c values than in the original model. In the Ny-Å lesund simulations, the WCurve model had an optimal g c for the two years together in the range from 130-150, while for the OrigCurve model it was 8-12. g s was in the range from 5-10. Values in the same range were found to be optimal for the Aursunden site. In the DeGeer Valley, the snowdrifts observed on the eastern side of the valley were slightly better reproduced by increasing the curvature weight g c to 18 and reducing the slope weight g s to 4. In this study, a 6-h time step is used. Shorter averaging periods for the wind observations would give higher wind speeds and, as the snow transport increases with the fourth power of wind speed, it is likely that this would have an influence on the optimalisation of the g c and g s values The modelled snow distributions for the WCurve and OrigCurve models are plotted together with the observed snow distribution for 1998 and 2000 in Figure 5 .
The correlation between the snow depth frequency distributions ( Figure 6 ) was more sensitive to changes in the model parameters than the sorted rank order test. In Ny-Å lesund the highest correlation between the modelled and simulated snow depth frequency distributions (0.89) and lowest V f value (0.025) was achieved for the year 2000. Compared to the OrigCurve model, the WCurve model produced a lower V f value, a better correlation between the modelled and simulated snow frequency distribution and a more unambiguous optimal parameter range.
The Ny-Å lesund site was divided into smaller areas and the correlation between observed and simulated frequency distribution in each area was found as a function of area size or number of observations (with one observation every 0.01 km 2 ) ( Figure 7) . The correlation varies from 0.89 and 0.74 for 2000 and 1998, respectively, when including all observations, down to on average 0.34 and 0.27 for 2000 and 1998, respectively, when dividing the site into 16 equally sized areas (i.e. equal number of observations in each area). Figure 8 shows how the observed and modelled accumulation and erosion areas are distributed as a function of the aspects. The WCurve simulations tend to place too much snow at the SSE to WSW facing slopes. At the other slopes, it produces generally better results than the OrigCurve model. Neither the frequency distribution nor the location of snow relative to the aspect were significantly improved in the simulations by increasing the resolution from 100 m £ 100 m grid spacing to 50 m £ 50 m. The basal topographical information was given as x and y values along the 10 m contour lines. Even though the digital terrain model was improved by manually collected data the high resolution is generally based on interpolation of coarse data and therefore does not introduce significantly more information which improves the simulations. As shown in Figure 7 the correlation between the modelled and the observed snow distribution decreases with the size of the compared areas. The simple wind model in this version of SnowTran-3D becomes too coarse as the scale decreases and the local influence on wind direction and speed becomes more significant.
The residual plot at Figure 9 shows that the errors in the simulated snow distributions from the WCurve model are largest in the steep SSW facing slopes west of Rabben where the model places too much snow, both west of Kolhaugen and in the ENE facing slopes up towards the Schetlig Mountain where it does not accumulate enough. A more complex wind model, where topographic modification of the wind direction is included, would probably reduce these errors as the ESE -WNW oriented valleys in the site probably redirect the wind and lead to more erosion in, for example, the slope SSW of Rabben.
The result of the Aursunden simulation was plotted and compared visually to the measured data (Figure 10 ). Frequency distribution of simulated and observed snow depths are presented in Figure 6 . The residual plot (Figure 11) shows that the snow drifts in some areas are displaced compared to the observations. In the areas with the largest deviations the resolution of either the topographic model and/or snow depth measurements are the poorest. The topographic model is composed of data with 100 m £ 100 m grid spacing and manual observations using DGPS (Differential Global Positioning System) along topographic features. Along the western and northern edge of the site there are few or no manual observations and the topographic model is thus less accurate. In some places a combination of fog and difficult terrain made snowmobile driving difficult. Here snow depth measurements are more scattered and the interpolated values between these are not necessarily representative. This is the case for a larger area in the centre of the site where interpolation of the observed snow depths indicates erosion while the model, in contrast and probably correctly, accumulates snow. The frequency distribution of the observed snow depths is more peaked than for the distribution of the simulated snow depths. However the correlation between the snow depth frequency distributions was 0.9, the V f value was 0.002 and the frequency distribution of the residuals between observed and simulated snow depths (Figure 11) shows that close to 45% of the grid cells had no deviation and 75% had a deviation lower than 50 cm. This indicates that the model can also reproduce a generally good picture of the snow distribution for this catchment. Figure 12 shows the observed and simulated snow depths along 4 of the 17 transects in the DeGeer Valley. The measurements are very detailed and show small-scale variations that the 100 m £ 100 m grid simulation results cannot reproduce. However the figure shows that some features and the trend along these lines is reconstructed even at this large scale. Also the high correlation (0.86) between the frequency distributions of all observed and simulated snow depths (Figure 6 ) shows that the model is able to give a representative snow distribution at a larger scale. Figure 6 also shows that the snow distribution in the DeGeer Valley for 2001 compared reasonably well to the results reported by Tveit and Killingtveit (1996) for the years 1992, 1993 and 1994. Snow water equivalent (SWE) in DeGeer is calculated based on a relationship between density and snow depth found from 16 snow density measurements in DeGeer in 2001. The observation and simulation for 2001 gives 35% lower SWE than the average for the years 1992-4 while comparison of the precipitation at Svalbard Airport shows that more snow was measured in 2001 than both 1992 and 1994. The difference in SWE can either be explained by the over-representation of snow courses at lower altitudes in 2001, the lack of elevation correction for the precipitation in the model and/or the poor representativity of Tveit and Killingtveit's snow courses.
Summary and conclusions
SnowTran-3D was applied to three different sites with sizes of 1 km 2 , 3 km 2 and 250 km 2 and located from 628N to 798N. In order to compensate for events during the winter with mild climate when temperatures rise above freezing, a snow strengthening algorithm was included in the model. The topographic modification of wind speeds was also changed from treating the influence of curvature independent of wind direction to increasing it gradually from zero to full effect as the wind direction changes from longitudinally to perpendicular to the topographic curvature. The model results were compared to an extensive observation dataset for each site and the sensitivity of the main model parameters to the model result was tested. For the Ny-Å lesund site the different variants of the model were tested. Without the snow strengthening calculation the model eroded the snow cover down to the vegetation threshold over most of the site. In the two-layered model, the erosion threshold depends on the climatic conditions and snow strengthening; the result was thereby significantly improved. The relationship between threshold velocities u *t and snow hardness suggested by Kotlyakov (1961) is used in the calculation of snow strengthening. At low densities this gives too low u *t values compared to those found in the literature. A future sensitivity test of this parameter in the two-layer SnowTran-3D model would probably be beneficial.
The improvement due to the wind-direction-dependent curvature calculation (WCurve) was less significant, but both the snow depth frequency distribution and the location of the snowdrifts were slightly improved by the WCurve model compared to the original curvature calculation. This and a comparison of frequency distribution at small scales shows that the SnowTran-3D model would benefit from a more sophisticated wind model. However, a sophisticated wind model will be far more computer demanding and this should be weighed against the potential improvements and quality and representativity of the input data to the model. Optimal curvature (g c ), slope weights (g s ), density and temperature thresholds for the WCurve model were found to be around 150, 8, 250 g/cm 3 and 58C, respectively. For the OrigCurve model optimal g c was 12, the other parameters were unchanged. The Aursunden site is located 178 latitude south of Ny-Å lesund and thus has a warmer, more humid climate. The modelled snow depth frequency distribution was highly correlated (0.9) with observation. Displacements of snowdrifts and erosion areas are explained in part by the poor resolution of the topographic elevation model and poor coverage of field snow measurements. 
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The DeGeer Valley site is about 100 times larger than the Ny-Å lesund site. Still, the modelled snow depths compared to snow depths measured along selected transects have a high degree of similarity. Both the frequency distribution of the snow depths and the location of snowdrifts and erosional areas are comparable to observation. However, comparison to snow distribution measurements from previous years in the DeGeer Valley indicates that, when working at large scales, correction of the precipitation due to elevation is necessary.
These tests and applications demonstrate that a numerical blowing snow model is capable of reproducing the snow depth distribution in sites with different scale, topographic variability and latitude with varying climates. Simulated snow depth frequency distributions are highly correlated with observation, and the location of snowdrifts and erosional areas from the model is comparable to those observed. Due to a very simplified wind field simulation the deviation between observed and simulated snow distribution increases with decreasing scale because of a greater influence of small-scale topography on the wind field. An improved wind model would improve the simulation, especially at small scales, but would extend the computational time substantially. For detailed studies of snow distribution this is probably a necessary step to take, but as a tool to improve the basis for snow ablation calculations and runoff for hydropower production and planning there is a larger potential for improvements in better quality input data.
In summary, this study shows that a model of this kind can give a realistic picture of the snow distribution based on the climate during the accumulation season. This can also increase the reliability of the snowmelt runoff prognosis in years with abnormal climate conditions and uncertain snow survey results. The model can also be used to evaluate the result of a changed climate on the snow distribution. This could be very useful, i.e. in order to study climate change effects on flora and fauna.
